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A b str a c t . In this paper, the evolution of Low Mass X-ray Binaries will be described 
briefly. Accretion disks around neutron stars in LMXBs will also be discussed and 
the importance of general relativistic effect of rapid rotation on the disk will be 
pointed out. Millisecond pulsars and some of the observed aspects of LMXBs will be 
mentioned.
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1. Introduction
We observe x-ray point sources in the sky, which produce very high x-ray lumi­
nosity (typically ~ 1 0 37 ergs/sec.). Nuclear energy release (efficiency ~0.7% ) 
can not explain such a high power. For example, the luminosity (which is 
mostly optical) o f the sun (which is powered by nuclear energy) is 4 x 1033 
ergs/sec.. The spectra of the said x-ray sources are also not similar to the 
stellar spectra. It is believed that this high luminosity is due to gravitational 
energy release via accretion in a binary stellar system.
If one o f the com ponents in a binary system is a compact star (black hole, 
neutron star or white dwarf) while the other is a normal star, then matter 
from the latter m ay flow towards the former, provided certain conditions are 
fulfiled. Due to  initial angular momentum, this matter may form a disk, which 
is called accretion disk. X-ray comes from this disk, as well as from the surface 
of the com pact star (except black hole, which has no hard surface). Here we 
will not consider white dwarf as a compact star,because it is not compact 
enough to  produce such a high luminosity and hard x-ray. In this paper, we 
win focus mainly on neutron star, though some o f the treatments will be valid 
for black hole too.
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Tw o d istinctly  different types of x-ray binaries are observed. They are 
called High M ass X -ray B inary (HM XB) and Low M ass X-ray Binary (LM XB). 
T he form er con tains a  m assive norm al s ta r , while th e  la t te r ’s norm al com po­
nent is a  low m ass s ta r . We will focus on LM XBs in th is paper.
We also observe millisecond (ms) radio pulsars, which are believed to  be 
rapidly ro ta tin g  neu tron  s ta rs  in LM XBs (or were in LM XBs for som e tim e). 
They were probably  spun  up by accretion induced angu lar m om entum  transfer. 
T he s tru c tu re  of th is  paper is as follows :
In section 2 , th e  m ain fea tu res of x-ray binaries a re  m entioned. In section 
3, a  brief ou tline  of th e  evolution of LM XBs is given. Section 4 deals with ac­
cretion disk and th e  general relativ istic  effect of rapid ro ta tion  on it. In section 
5, m s pulsars and  som e of th e  observed fea tu res of LM XBs are  m entioned. We 
sum m arize and discuss th e  results of the  foregoing sections in section 6 .
2 . X - r a y  b in a r ie s
Strong  (L x ~  1034 to  1038 ergs/sec.) galactic x-ray sources belong to  two 
categories, as m entioned in section 1. We are giving their properties below. 
Here we will consider only neu tron  s ta r  x-ray binaries.
2.1. HM XB
These sources contain  early  type  norm al s ta rs  (generally, O or B type). So 
the  optical sp ec tra  of HM XBs are  dom inated  by the sp ec tra  of their norm al 
com ponents. We observe hard  x-ray sp ec tra  (k T  ^ 1 5  keV in exponential fit
[5]) and >  1 for these system s, they  show regular x-ray pulsations, bu t no 
x-ray b u rsts  (discussed la te r), which indicates th a t  their surface dipole field 
s tre n g th s  a re  typically  of the  o rder of 10u  to  1013 G auss. HM XBs are found 
to  be concen tra ted  in th e  galactic plane. Hence they form a  young stellar 
population  (age < 107 y r .), which is consistent with the  fact th a t  they contain 
early ty p e  norm al s ta rs .
As they  contain  very b righ t norm al com ponents,w hich can be easily de­
tec ted , one can  determ ine  the ir o rb ita l period, observing the  regular x-ray 
eclipses, which are  very frequen t in these system s. W ith  th is  and the  doppler 
radial velocity curves of th e  neu tron  s ta r  (or pulsar) and its  com panion, and 
th e  light curve, th e  m ass o f  each com ponent, as well as the  radius of the  norm al 
com panion can  be determ ined  [12, 13).
2.2. LM XB
These system s con ta in  la te  type  norm al s ta rs , which can no t be detected  easily 
(in fact, norm al com panions have been detected  for very few cases). So the 
determ ination  of th e  m asses of the  com ponents is not possible for m ost of 
the  cases. W e observe softer x-ray sp ec tra  (k T  £  10 keV in exponential fit
[16]) and  ^  <  0.1 for them . LM XBs show x-ray bursts for m any cases, bu t 
regular x-ray  pu lsa tions for very few cases. They concentrate in the  galactic 
centre and g lobu lar c lusters. They are  old system s (age ~  (5 to  15) x 109 y r.).
3. Evolution of L M X B s
In a  coo rd ina te  system  c o -ro ta tin g  with the  binary, there is pear-shaped 
equ ipo ten tia l (of th e  com bination  of g rav itational and centrifugal forces) su r­
face around  each com ponent. Going outw ards from the two m ass centres, a t 
a certain  value of p o ten tia l, these two surfaces touch each o ther a t  the  first 
Lagrangian po in t L\, located  on the  connecting line of the  centres of two 
com ponents. T h is critical equipoten tia l surface through L i  is called Roche 
lobe. W hen th e  secondary  (i.e., norm al s ta r)  fills its Roche lobe, m atte r from 
it flows tow ards th e  p rim ary  (neutron s ta r  in our case) through /,j due to 
unbalanced p ressu re  (as a t  L i, there  is a  potential maximum along the line 
connecting tw o m ass cen tres). In the  Roche lobe of the primary, forming an 
accretion disk, th is  m a tte r  finally falls on the  surface of the  neutron s ta rs  and 
em its x-ray. T h is ty p e  of m ass tran sfer is railed Roche lobe overflow. As the 
wind from  a  low m ass s ta r  is not s trong , we neglect the  accretion from stellar 
wind and tak e  Roche lobe overflow as the  only mechanism for mass transfer.
T he  following form ulae will be used in the  calculation of the evolution of 
LMXBs.
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47r2a 3 =  G {M \  +  M 2)M q P 2 (K epler’s law). (1)
0.462 ( f Y  (F o , ^  <  0.8, « *  [6]). (2)
6, =  « (o .5  -  0.227 • l o s ( ^ . ) J  ( « *  W ). (3)
^ 2 -  =  (For low m ass stars). (4)
Me.) R q)
In the  above form ulae, M\ and M 2 are the  masses (in M q ) of the  prim ary 
and th e  secondary  respectively, M  (in M q ) is the to ta l mass of the  system , 
R 2 is the  a c tu a l rad ius of th e  secondary, R 2L *s the  radius of a  sphere of the  
sam e size as th e  Roche lobe of the  secondary, a is the  binary separation , P  
is the. o rb ita l period  and  6] is the  separation  between the prim ary centre and
Lx-
From  th e  above form ulae and the m ass-radius relations of different types 
of s ta rs , it can be show n th a t ,  there  may be degenerate stars and helium main 
sequence stars with th e  o rb ita l period less than 80 m inutes; main sequence 
(i.e*, hydrogen rich unevolved so la r-type) stars in the  orbital period range 80
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m inutes to  10 hours; and  evolved, i.e., (sub-)giant stars w ith the  o rb ita l period 
g rea te r th an  10 hours in th e  LM XBs as th e  norm al com ponents [2]. Here we 
will focus on m ain sequence secondary.
A m ain sequence s ta r  can fill its  Roche lobe, only if the  Roche lobe shrinks 
to  the  size o f th e  s ta r . T his is achieved when th e  system  loses considerable 
am oun t of angu lar m om entum  and hence the  separation  between th e  tw o com­
ponen ts decreases. Tw o m echanism s are known for angular m om entum  loss : 
g rav ita tiona l rad ia tion  and m agnetic braking. T he form er is a  general rela­
tiv istic  effect, while th e  la t te r  is due to  the  fact th a t  th e  angu lar m om entum  
of th e  secondary (and hence o f th e  whole system ) is carried  away by the  stellar 
wind (which is tied and  hence co -ro tating  w ith the  secondary (F erraro ’s law 
of iso ro tation , [10])). Hence the  ra te  of change of angular m om entum ,
J  =  J g r  +  J m b , (5)
where J g r  and J m b  a re  given by,
J g r
J
64 G 3 M iM 2JVf 
5 c5 a 4
(see [8, 17]),
and  J m b  =  - 0 .5  X 10 28 • k2f  2M 2R 2w3 (see [17]),
(6 )
(7)
where, k is the  rad ius of gyration  of the  secondary, /  is a  constan t (of the. 
o rder of un ity) and  u> is th e  spin angu lar speed of the  secondary.
We assum e, th a t  th e  secondary s ta r  restores its  therm al (& hence dynam ic) 
equilibrium  (which is continuously d istu rbed  by the m ass loss), i.e., relation 
4 is m ain tained , for >  tx H  1 where, accretion ra te  tim e scale t}^  ^
(M  — ► accretion ra te )  and  K elvin-H elm holtz tim e scale <#// =  (L 2 is
th e  cu rren t lum inosity  of th e  secondary). We also assum e, th a t ,  R 2L — R 2 is 
alw ays m ain tained  which m ay be tru e  in a  long term  average sense [6]. Now 
th e  to ta l angu lar m om entum  is
J  =  2.56 x  10-4  • M 1M 2M I  • 2 g .m .-c .m ^-sec.-1 (o is in c .m .), which
gives, using th e  previous equations,
£ ) . “ £ .  (8)
J  R 2L '  6 ' M 2
Using th e  above equations and  assum ing k2f ~ 2 —  0.076 [11], we get th e  dif­
ferential equation  governing th e  evolution as,
1.188 x 10-'° + 1.418 x 10-* •
Ms = ------------------------------------- 4A f'-7M j---------------------------------- ' W
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6 7 *
log10 (tlm« in ywr)
F igu re 1. Variation of some relevant quantities of an LMXB with logarithmic 
time. See text for the details.
where, M2 is in M© — yr.~1 and time is in year.
Solving equation 9 numerically, keeping M constant (M  is the accretion 
rate, and not the time variation of M), we get the evolution of M2 with time 
and hence the evolution of M  = —M2, a, Pkri L (luminosity of the system), 
t y  and which can be calculated by the previous equations, as well as the 
equations given below,
L =  5.6793 x 1010 • Mi) (injlO36 ergs/sec.), (10)
and =  ( tF") (see [7]), (11)
where i) (taken as constant, though it may in general vary (with time) from
0.2 to 0.05) is the efficiency of conversion of accreted rest mass to energy.
We have solved equation 9 for M =  2.1M© and Mi(t =  0) =  1.4M©'upto 
a point Secondary mass reduces from 0.7M© to 0.219M© (which is
sufficient for nuclear burning) in the total time span, which is found to be well
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below the present age of the universe. The calculated orbital period always 
remains between 80 minutes and 10 hours, which is expected. Luminosity has 
been found to be of the order of 1037 ergs/sec., which tallies with observational 
results.
In Figure 1, we have plotted some of these quantities with logarithmic time. 
4. Accretion disk
The matter, coming through L\ towards the neutron star, possesses some 
initial angular momentum due to the orbital motion of the secondary.This 
matter will lose some energy by dissipative processes and attain the lowest 
possible energy for that particular angular momentum; hence is expected to 
be rotating in a circular Keplerian orbit around the neutron star at a distance 
Rdrc from the centre of the primary, given by,
RcircV<t>(Rcirc) =  bfu (see [4]), (12)
where, tty (/ic,rc) =  2 an<  ^ u  *s the binary angular frequency. But
dissipative processes will be going on in the ring of matter at Rcirr , resulting 
in the loss of energy and redistribution of angular momentum. As the Keplerian 
angular momentum increases outwards (which is the Rayleigh’s criterion [14] 
for stability), most of the particle will orbit closer and closer to the neutron 
star losing their angular momentum, while a few particles will go outwards 
gaining angular momentum. Thus a disk will be formed, as the radial speed 
of a particle is negligible compared to its transverse speed. We are considering 
here only geometrically thin, Keplerian disks, though the disk may be thick 
and non-Keplerian in many real sources.
As LMXB is an old system, we assume that the magnetic field of the 
neutron star has decayed [2] considerably and the disk touches the surface of 
the star. For Newtonian case, disk luminosity Lp and surface luminosity Ls 
(i.e., energy coming from the surface of the neutron star) are equal and hence 
the irradiation of the disk by the surface layer is significant. Taking the disk 
as blackbody and time independent, one can calculate its temperature profile 
Te/j(r )  (from the flux of energy coming out from the disk) given by,
where, a is Stefan’s constant, M  and /?» are the mass and radius of neutron 
star respectively, M  is the accretion rate and r is the radial distance from 
the centre of the primary. For the calculation of the disk structure and the 
temperature profile, one may refer [4]. From this sort of temperature profile, 
one gets multi-coloured blackbody spectrum, which is actually observed from
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Figure 2 : T /^/(r) profiles for different cases. See text for the details.
some neutron star LMXBs (for example, Cygnus x-2). Surface layer gives a 
single temperature black body spectrum.
As neutron star is a very compact object (mass ~  IM& and radius ~  10
k.m.), general relativistic effect is important inside it and near its surface. 
General relativity predicts the existence of the innermost stable circular orbit 
(of radius ror6) [15], inside which there will be no disk and free fall of matter 
will occur. So the inner radius rin of the disk will be equal to ft* or ror&, 
whichever is greater. This effect and the calculation in general relativistic 
(Schwarzschild) way, gives the modified Tefj(r) [18] as
where,
F ( r )
3mM
gjrrJ (r — 3m)
, n >/& . __________ Its® ,
[ f i -  'r>”+ - r ' ln(^r-V3S)(v/ r S + ^ ) i’
(15)
with, in ss and c — 1.
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In Figure 2, we have plotted Te//(r )  using both Newtonian and Schwarzschild 
formulae (for two cases : ror<, < ft, and ror^  > ft*), which shows the impor­
tance of the general relativistic effect near the surface of the star (most of the 
x-ray comes from this region).We have taken some arbitrary (but reasonable) 
values for M, ft* and M.
The expressions of Te/f(r), given before, are for the non-rotating neutron 
stars. But the neutron stars in LMXBs are expected to be rapidly rotating 
due to angular momentum transfer by the accreted matter. So we must solve 
numerically the structure of a neutron star (assuming a particular equation 
of state, gravitational mass and angular speed) consistently from its centre to 
infinity (surface-matching should be done) to get its radius, ror(, and metric 
coefficients inside and around it [3]. This will give the corrected temperature 
profile and hence the spectrum for rapidly rotating neutron stars. It is ex­
pected, that at higher x-ray frequencies, the effect of rotation on the spectrum 
be considerable.
It is also expected, that for the rapidly rotating stars, <<  1 , which 
implies that the irradiation of the disk by the surface layer can be neglected 
in such cases. It justifies our thin disk assumption.
5. Observations
In this section, we will briefly describe some of the observed features of neutron 
star LMXBs. For details, one may refer [9] and [2].
a) Persistent x-ray emission : Though called ‘persistent’, luminosity varies 
to some extent. It is caused by stable disk accretion.
b) Soft X-ray Transients (SXTs) : X-ray luminosity varies from below 1033 
ergs/sec. to well above 1037 ergs/sec. in the range 1 to 10 keV. Its rising time 
is several days, decay time is several tens of days to more than hundred days, 
and there may be a gap of several months to tens of years between two such 
luminosity variations. Disk instability or mass transfer instability may cause 
it.
c) X-ray burst (type I) : In this case, the rising time is less than 1 sec. to 
~10 sec. and the decay time is ~10 sec. to minutes. When the source behaves 
as a burst-source, the gap between two bursts is 5 minutes to days. The burst 
activity may remain off for days to months. It is probably caused by the 
thermo-nuclear flash by the accreted matter on the neutron star surface.
d) X-ray burst (type II) : When the source is active, the gap between two 
bursts is 7 sec. to 1 hr. and the varying time of luminosity during a particular 
burst is ~2 sec. to 11 min.. Disk instability may cause such kind of bursts.
e) Quasi Periodic Oscillations (QPOs) : It is the variation of luminosity 
in the Hz. and kHz. frequency ranges. There are several models, which can 
explain it to some extent (for example, beat-frequency model [1]).
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f) Millisecond (ms) pulsars : They are radio pulsars with pulse (and hence 
spinning) period in the millisecond range. It is believed that they are old 
neutron stars, that were spun up by the accretion processes in LMXBs. The 
considerable overlapping among ms pulsars & binary pulsars and the low ob­
served magnetic field of ms pulsars give observational support to this theo- 
ritical idea. The recent (April, 1998) discovery (by RXTE, i.e., Rossi X-ray 
Timing Explorer) of an ms x-ray pulsar (period 2.49 ms) in an LMXB system 
(XTE J 1808-369) strongly suggests that, LMXBs are the progenitors of at 
least some of the ms pulsars.
6. D iscussions
In this section, we will briefly comment on some relevant points.
a) The temperature profile, mentioned in this paper, will find application in 
modelling the observed x-ray spectra coming from luminous persistent LMXB 
sources with neutron star as the central accretor (for example Cygnus x-2).
b) For high ft ,, surface layer luminosity is expected to be low, hence the 
irradiation of the disk by the surface layer may be negligible.
c) By calculating rapidly rotating neutron star structure for different equa­
tions of state, gravitational masses and angular speeds, one may constrain 
these, as well as many other quantities, for an observed source.
d) The effect of magnetic field and radiation should be taken into account, 
in addition to general relativistic effect, in calculating disk structure.
e) With the presently known lifetime of LMXBs, they can not be the pro­
genitors of all the ms pulsars, as the estimated number of ms pulsars in the 
galaxy is much higher than that of LMXBs.
f) The evolution of angular momentum and many other properties (for 
example, magnetic field) of an accreting neutron star is still an open question.
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